OBJECTIVE -Waist and hip circumferences have been shown to have independent and opposite associations with glucose levels. Waist circumference is positively associated with glucose levels, whereas hip circumference is negatively associated. It is unclear which tissues are involved in the pathophysiological mechanism causing these associations. The main goal was to determine which tissue in the trunk and legs, fat or lean tissue, is associated with measures of glucose metabolism.
O besity, particularly abdominal obesity, is associated with increased risk of insulin resistance and type 2 diabetes. The pathophysiological mechanisms involved in the development of these conditions are not completely understood. The idea that an increased release of free fatty acids (FFAs) from visceral fat into the portal vein plays a major role in the development of insulin resistance in abdominal obesity is now widely accepted (1) (2) (3) . This, however, does not preclude the possibility that other tissues are involved.
In epidemiologic studies, abdominal obesity or visceral fat is often estimated by the measurement of waist circumference alone or by measurement of the waist-tohip ratio (WHR) or waist-to-thigh ratio (WTR). Several studies, however, have shown that the association between WHR or WTR and glucose metabolism of type 2 diabetes was not only due to a larger waist circumference but also due to a smaller hip or thigh circumference (4 -8) . This could indicate a protective role for a larger hip circumference to high glucose levels. To determine whether this protective effect of a larger hip or thigh circumference is due to a higher lean mass or to a higher fat mass in the gluteal/femoral region, accurate assessment of body composition is necessary.
To investigate how fat and lean tissue are represented by the waist and hip circumferences, we first studied the associations of waist and hip circumferences with fat and lean tissue mass in the trunk and in the legs as measured by dualenergy X-ray absorptiometry (DXA). The main goal of the present study was to investigate the association of fat and lean tissue mass in the trunk and in the legs with glucose metabolism. The study was performed within the third follow-up examination of the Hoorn Study, a population-based cohort study of glucose tolerance.
RESEARCH DESIGN AND METHODS -The Hoorn
Study is a population-based cohort study of glucose metabolism and its complications that started in 1989 and has been described earlier (9) . It consisted of 2,484 men and women aged 50 -75 years at baseline. In 2000 -2001, a third examination was performed among surviving participants who gave their permission to be recontacted. We invited all participants who had diabetes, as determined by a 75-g oral glucose tolerance test (OGTT) or by diabetes treatment (n ϭ 176) at the second examination of the entire cohort in 1996 -1998 (10). We also invited random samples of participants who had normal glucose tolerance (n ϭ 705) or impaired glucose tolerance (n ϭ 193) in 1996 -1998. Of 1,074 individuals invited, 648 persons (60.3%) participated. The main reasons for not participating in the 2000 -2001 follow-up examination were lack of interest (30%) or comorbidity (23%). Other reasons were advanced age (7%), unwillingness to travel (6%), participation considered too time-consuming (6%), and miscellaneous reasons (15%); 13% individuals gave no reason for refusing to participate in the follow-up examination.
For the present study, cross-sectional data of the 2000 -2001 follow-up examination were analyzed. Of the 648 participants, 25 individuals were excluded because of missing DXA data. Another eight individuals were excluded because glucose tolerance data were incomplete. Participants already known to have diabetes (n ϭ 59) were also excluded from the statistical analyses because treatment could potentially influence the relations under consideration. Therefore, our final study sample consisted of 556 subjects (275 men and 281 women). The study protocol was approved by the Ethical Review Committee of the VU University Medical Center, and all participants gave their written informed consent.
Body composition
Whole-body DXA was performed using the fan beam technology (QDR-2000, software version 7.20D; Hologic, Brussels, Belgium). The software provides estimates of lean tissue mass, fat mass, and bone mineral mass for the total body and for standard body regions. With the use of specific anatomic landmarks, regions of the head, trunk, arms, and legs were distinguished as shown in Fig. 1 . In the analyses, we used fat and lean soft-tissue mass from the trunk and legs.
Anthropometry and lifestyle
Weight and height were measured in barefoot subjects wearing light clothing only. BMI was calculated as weight divided by height squared (kg/m 2 ). Waist circumference was measured at the level midway between the lowest rib margin and the iliac crest, and the hip circumference at the widest level over the greater trochanters. WHR was calculated as waist circumference divided by hip circumference. Self-reported information on physical activity (min/week), alcohol intake (g/ day), and smoking (yes/no) was obtained by questionnaires.
Glucose metabolism
All participants underwent a single 75-g OGTT. Fasting glucose and 2-h postload glucose after OGTT were measured in plasma with the hexokinase method (Roche Diagnostics, Mannheim, Germany). Glucose tolerance status was defined according to the World Health Organization (WHO) criteria (11) . Subjects were classified as having normal glucose metabolism, impaired glucose metabolism (i.e., impaired fasting glucose or impaired glucose tolerance), or diabetes. Fasting insulin was measured in plasma by a two-site immunoradiometric test (Medgenix Diagnostics, Fleurus, Belgium) and homeostasis model assessment of insulin resistance (HOMA-IR) was calculated (12) .
Statistical analyses
All analyses were performed separately for men and women because of the statistically significant effect modification by sex of the relations under consideration. To test for linear trend in study sample characteristics over categories of glucose metabolism, a linear regression model was used; the glucose tolerance category was used as a linear explanatory variable. Values are expressed as means Ϯ SD for normally distributed variables and as medians (interquartile range) in case of skewed distribution.
To study the association of the regional fat and lean mass measured by DXA (independent variables) with the waist and hip circumferences by anthropometry (dependent variables), multiple regression analyses were performed. The associations of the regional fat and lean tissue mass with the more commonly used WHR and BMI were also investigated. Effect modification by sex, glucose tolerance status, and age was evaluated by adding product terms to the model.
The contribution of regional fat and lean tissue mass to fasting glucose, postload glucose, or HOMA-IR (ln-transformed) was tested using multiple regression analyses with adjustment for age. Residual plots were examined to check for violation of the normality assumptions. Effect modification by sex and glucose metabolism status was evaluated by adding product terms to the model. To facilitate direct comparisons, results of the regression analyses are reported as standardized ␤. A standardized ␤ of 0.1 indicates that when the independent variable increases by 1 SD, the dependent variable increases by 0.1 SD. We considered the stability of the regression models to be disturbed by multicolinearity if the tolerance was Ͻ0.1. The tolerance is a statistic used to determine how much the independent variables are linearly related to one another. It is calculated as 1 -R 2 for an independent variable when it is predicted by the other independent variables already included in the model. All statistical analyses were performed using SPSS for Windows (version 10.1; SPSS, Chicago, IL).
RESULTS -The characteristics of the study sample by sex and glucose metabolism status are shown in Table 1 . All anthropometric measures in both sexes, and age in women, were significantly and pos- itively associated with a worse glucose metabolism when tested for linear trend, except for hip circumference in men. Of the DXA measurements, the fat mass in the trunk as well as in the legs in men and the fat and lean mass in the trunk in women were significantly and positively associated with worse glucose metabolism. After adjustment for age, the trunk fat mass and the leg fat mass remained positively associated with worse glucose metabolism status in men. In women, in addition to trunk fat and lean mass, leg lean mass was also positively associated with worse glucose metabolism status after adjustment for age (data not shown).
Anthropometry
The associations of the fat and lean mass in the trunk and legs with anthropometric measures are shown in Table 2 . Waist circumference was strongly positively associated with trunk fat, whereas hip circumference was positively associated with both leg fat and leg lean mass. WHR was most strongly and positively associated with trunk fat mass and was negatively associated with both lean and fat mass in the legs. In contrast to the WHR, BMI was mainly associated with fat mass, especially trunk fat. When age was added to these models, the associations did not change substantially (data not shown). There was no significant effect modification by glucose tolerance status or age. Table 3 shows the results of multiple linear regression analyses involving fat and lean tissue mass in the trunk and legs in relation to fasting and postload glucose levels and HOMA-IR. After adjustment for age, leg lean and leg fat mass, and each other, larger trunk fat mass as well as larger trunk lean mass were associated with higher fasting glucose (model 1). However, in the same regression model, larger leg fat and leg lean mass were associated with lower fasting glucose. In both sexes, only larger trunk fat mass, and not trunk lean mass, was significantly associated with higher postload glucose levels (model 2). In contrast, larger leg fat mass was associated with lower postload glucose, but was only statistically significant in women. Similar results were found for ln-transformed HOMA-IR (model 3). Trunk fat mass was the strongest independent predictor of glucose levels and Data are means Ϯ SD; for insulin levels and HOMA-IR, the median (interquartile range) is reported. *P ϭ P for trend. Abbreviations: DM, newly detected type 2 diabetes; IGM, impaired glucose metabolism;
Glucose metabolism
NGM, normal glucose metabolism (WHO 1999 criteria).
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HOMA-IR. Adjustment for height did not change the associations (data not shown).
In addition, adjustment for physical activity, alcohol intake, and smoking did not change the results (data not shown). There was no statistically significant effect modification by glucose tolerance status, except that the associations of trunk fat and trunk lean mass with fasting glucose was stronger in diabetic subjects (data not shown). Among the four independent variables used in the linear regression models, the highest correlation (Pearson) was between lean mass in the trunk and lean mass in the legs (0.825 in men and 0.815 in women). The stability of the regression models, however, was not disturbed by multicolinearity. Residual plots were not disturbed, and similar results were found when glucose levels were lntransformed and included as study outcome (data not shown).
CONCLUSIONS -In this study, we
show that waist or hip circumference does not simply represent the amount of fat at that region. Although the waist circumference is mainly associated with fat mass in the trunk, the hip circumference is strongly associated with both fat mass and lean mass in the legs, particularly in men. Furthermore, our study shows that, as expected, larger trunk fat mass is associated with higher glucose levels. In contrast, accumulation of fat in the legs was associated with lower glucose levels. In men, large lean mass in the legs seems to have an additional independent protective effect.
The recognition of the importance of upper body versus lower body obesity in diabetes and cardiovascular disease by Vague in 1956 led to the development of the WHR and WTR measurements (13) . Because it was found in the 1980s that the WHR was more closely associated with intra-abdominal fat than with subcutaneous fat, associations of WHR with disease have generally been interpreted as caused by the increased accumulation of visceral fat (14, 15) . Whether WHR also represents other body tissues was unclear. Data on direct comparison between anthropometrically measured circumferences, particularly hip circumference and WHR, and regional body composition, includ- ing both fat and lean tissue, are limited, and little is known about the influence of sex and age on this relationship. Only one previous study of 24 men showed a negative association between WHR and the thigh muscle area by computed tomography, suggesting that high WHR may also result from low muscle mass in the legs (16) . In our study, we show that the waist and hip circumferences are not only associated with fat mass at the respective body regions. The hip circumference, a surrogate marker of lower body obesity, was also strongly associated with leg lean mass, particularly in men. WHR was positively associated with trunk fat mass but also negatively associated with both lean and fat mass at the legs. Because our study showed that the anthropometric measures seemed to represent different tissues, we examined which tissue would be responsible for the earlier observed associations between anthropometric measures and glucose tolerance. Larger waist circumference but smaller hip circumference has been associated with worse glucose tolerance status or diabetes in several studies (4 -8) . From the present study, we can conclude that, particularly in the trunk, fat tissue is associated with unfavorable glucose metabolism. This could be consistent with the established role of visceral fat, which releases FFA directly into the portal vein, causing disturbances in glucose metabolism (1-3). Some studies, however, found that subcutaneous abdominal fat is more closely related to insulin resistance than visceral fat (17, 18) .
In contrast to fat mass in the trunk, fat mass in the legs was negatively associated with glucose levels and HOMA-IR. These data are consistent with recently published data on the contributions of regional fat mass by DXA to several cardiovascular risk factors in women, such as insulin resistance and dyslipidemia (19, 20) . It has been suggested that fat tissue in the gluteal or femoral region plays a protective role, because adipocytes in these regions are less sensitive to lipolytic stimuli (21, 22) . Therefore, these regions are more likely to take up FFA from the circulation and are less likely to release them readily (so called "FFA trapping") (23) . Hereby increased peripheral fat stores may protect other organs, such as the liver and the pancreas, as well as skeletal muscle tissue from high FFA exposure. Accumulation of fat in the liver has been found to be positively associated with insulin resistance (24, 25) , and infiltrating muscle fat in the thigh, which only accounted for ϳ3% of total thigh fat, was also positively associated with insulin resistance (26) . Recent work also points to a possible role of lipids in ␤-cell deterioration ("lipotoxicity") associated with type 2 diabetes (27) . The ectopic fat storage hypothesis is also supported by the observation that adipose tissue deficiency is accompanied by ectopic fat storage and related to insulin resistance and diabetes (28, 29) . Furthermore, transplantation of adipose tissue back in lipoatrophic animals reverses elevated glucose levels, and leptin-replacement therapy in women with lipodystrophy improved glycemic control (30, 31) .
Adipose tissue is an endocrine gland that secretes many proteins. Examples include adiponectin, leptin, resistin, angiotensinogen, interleukin-6, tumor necrosis factor-␣, adipsin, plasminogen activator inhibitor-1, and probably many other yet unknown factors. Regional differences in secretion of these factors could also be an alternative or additional explanation for the observed relationships between adipose tissue and glucose levels. There are some known differences in secretion between abdominal subcutaneous and visceral fat (32) (33) (34) , but less is known about differences between gluteal and abdominal subcutaneous fat.
In men, a significant negative association was found between glucose and HOMA-IR levels and lean mass in the legs, probably because lean mass in the legs measured by DXA reflects mainly skeletal muscle tissue and muscle tissue is one of the sites of insulin resistance and the main target of insulin. In women, this negative association with lean tissue was also found but was not statistically significant. The lean mass in the trunk was not negatively associated with glucose levels; it was even positively associated with fasting glucose levels. However, these results should be interpreted with caution, because lean mass in the trunk as measured by DXA reflects not only muscle mass but also visceral organ mass (e.g., liver and intestinal organs).
The main limitation of our study is that DXA does not allow separate quantification of intermuscular and subcutaneous fat in the legs and visceral fat and subcutaneous fat in the trunk. The contribution of subcutaneous fat to the total amount of fat in the legs, however, is relatively large (Ϯ 90%) (26) . Therefore, the associations found in our study with fat mass in the legs are probably mainly due to the subcutaneous fat depot. As subcutaneous fat accounts for the largest fat component in the trunk, an important role of subcutaneous trunk fat apart from the visceral fat cannot be excluded. Another possible limitation of DXA is that, particularly in women, gluteal fat and abdominal fat cannot be perfectly distinguished. Possibly, part of the gluteal fat was included in the trunk region and part of the abdominal fat was included in the leg region. Therefore, we may have underestimated the true associations. Finally, because of the selection of the study population, subjects with impaired glucose metabolism and diabetes were relatively overrepresented. Adjustment for glucose tolerance status, however, did not change the conclusions.
In summary, caution is needed when interpreting waist and hip circumferences. Whereas larger waist circumference mainly reflects higher fat mass in the trunk, the hip circumference and WHR are influenced by both fat and lean mass from the legs. We also conclude that although higher fat mass in the trunk was the strongest determinant of disturbed glucose metabolism, larger fat mass in the legs and larger lean mass in men only have a considerable and opposite association with glucose metabolism. These findings provide a relevant new insight in the association between obesity, body composition, and type 2 diabetes. Further investigation of the underlying pathophysiological mechanism is needed to explain the negative association of leg fat with glucose metabolism.
